Double-lumen intubation is more difficult than single-lumen tracheal intubation. Videolaryngoscopes have many advantages in airway management. However, the advantages of videolaryngoscopy for intubation with a doublelumen tube remain controversial compared with traditional Macintosh laryngoscopy. In this study, we searched MEDLINE, Embase, Cochrane Library and the Web of Science for randomised controlled trials comparing videolaryngoscopy with Macintosh laryngoscopy for double-lumen tube intubation. We found that videolaryngoscopy provided a higher success rate at first attempt for double-lumen tube intubation, with an odds ratio (95%CI) of 2.77 (1.92-4.00) (12 studies, 1215 patients, moderate-quality evidence, p < 0.00001), as well as a lower incidence of oral, mucosal or dental injuries during double-lumen tube intubation, odds ratio (95%CI) 0.36 (0.15-0.85) (11 studies, 1145 patients, low-quality evidence, p = 0.02), and for postoperative sore throat, odds ratio (95%CI) 0.54 (0.36-0.81) (7 studies, 561 patients, moderate-quality evidence, p = 0.003), compared with Macintosh laryngoscopy. There were no significant differences in intubation time, with a standardised mean difference (95%CI) of À0.10 (À0.62 to 0.42) (14 studies, 1310 patients, very low-quality evidence, p = 0.71); and the incidence of postoperative voice change, odds ratio (95%CI) 0.53 (0.21-1.31) (7 studies, 535 patients, low-quality evidence, p = 0.17). Videolaryngoscopy led to a higher incidence of malpositioned double-lumen tube, with an odds ratio (95%CI) of 2.23 (1.10-4.52) (six studies, 487 patients, moderate-quality evidence, p = 0.03).
Introduction
Videolaryngoscopes play important roles in airway management [1] . They do not require alignment of the oral, pharyngeal and tracheal axes, provide a good view of the glottis, and are easily mastered. They are widely used in many kinds of difficult airways, both expected and unexpected. A recent meta-analysis [2] found that videolaryngoscopes have a similar success rate for tracheal intubation compared with direct laryngoscopy. However, the advantages of videolaryngoscopy become more prominent in cases of difficult intubation [3] ; for instance, in patients with cervical spine immobilisation, the Airtraq device reduces the risk of intubation failure [4] . However, results are not always consistent; one meta-analysis [5] found that in paediatric patients, videolaryngoscopy prolonged intubation time and increased the incidence of failure.
A double-lumen endobronchial tube is the first choice for achieving one-lung ventilation in adult thoracic surgery [6] . Due to its configuration, it is more difficult to place a double-lumen tube than a singlelumen tube. A series of reports [7] [8] [9] [10] [11] have described the successful use of videolaryngoscopy for doublelumen tube intubation. Despite these findings, the advantages of videolaryngoscopy in double-lumen tube intubation remain controversial [12, 13] , compared with traditional Macintosh laryngoscopy. The present analysis aimed to systematically review the evidence from randomised controlled trials (RCTs) comparing any videolaryngoscope with the Macintosh laryngoscope for double-lumen tube intubation.
Methods
The literature search, study selection, data extraction and analysis were performed according to a predefined protocol. The data were reported according to the PRISMA statement.
We searched MEDLINE, Embase, Cochrane Library and the Web of Science for randomised controlled trials comparing any videolaryngoscope with a Macintosh laryngoscope for double-lumen tube intubation, without any language restriction (up to 26 June 2017). The keywords 'videolaryngoscope' or 'stylet' and 'double lumen tube' were used for the search. The detailed search strategy is attached (see Supporting Information, Appendix S1). The titles and abstracts were screened independently by two authors (TL and LL). All the retrieved articles were then reviewed by two authors (TL and LL) to determine their suitability for inclusion according to the criteria described below. Any disagreement was resolved through consensus or, if necessary, by discussion with a third author (WY).
We included RCTs comparing any means of videolaryngoscopy (including the use of a video stylet) with Macintosh laryngoscopy for double-lumen tube intubation. Studies that met any of the following conditions were excluded: manikin studies; study designs other than a randomised trial; intervention other than videolaryngoscope for double-lumen tube intubation; no comparison with Macintosh laryngoscopy; or outcomes not related to double-lumen tube intubation.
The primary outcome was intubation success rate at first attempt. Secondary outcomes were intubation time; malpositioning of the double-lumen tube after intubation (left sided double-lumen tube into the right main bronchus); and intubation-related complications, including oral, mucosal or dental injury, postoperative voice changes and sore throat.
One author (TL) extracted all relevant information from the original reports and entered the data into a standardised form. The extracted data were crosschecked by a second author (LL). Discrepancies were resolved by consensus.
We assessed the quality of each study using the Cochrane risk of bias tool, taking into account random sequence generation (selection bias), allocation concealment (selection bias), blinding of participants and personnel (performance bias), blinding of outcome assessment (detection bias), incomplete outcome data (attrition bias), selective reporting (reporting bias) and other bias [14] . Two authors independently assessed the scores of every item listed in the tables and any disputes were resolved by consensus.
All analyses were performed using Cochrane Review Manager 5.3. The Mantel-Haenszel method was used to pool dichotomous data and to compute pooled odds ratios (OR) with 95%CIs. The inverse variance method was used to pool continuous data and to calculate standard mean differences with 95% CIs. A fixed effect or random effects model was used for meta-analysis according to study characteristics. The I 2 statistic was used to assess statistical heterogeneity. We considered that I 2 > 50% indicated substantial heterogeneity [15] . For the success rate at first attempt and intubation time, we performed sub-group analyses based on the type of video device and the experience of the operators, to investigate clinical heterogeneity. Generally, videolaryngoscopes were classified into those with a guiding channel and those without a guiding channel [16] . For the purposes of this review, they were classified into four groups: videolaryngoscopes with a guiding channel (e.g. Airtraq); videolaryngoscopes without a guiding channel (e.g. GlideScope); other videolaryngoscopes without a guiding channel (e.g. McGrath Series 5, McGrath MAC, CEL-100, C-MAC D-blade) and video stylets (e.g. Optiscope, Trachway, Shikani). Operators were considered inexperienced when they were residents (< 3 years of experience) or novices; they were otherwise considered experienced.
We performed sensitivity analyses to assess the robustness of the pooled estimates by repeating the analyses excluding one study at a time. We also excluded studies with high or unclear risk of selection bias to explore the impact on our results.
For the outcomes which included more than 10 studies, visual inspection of funnel plots was used to estimate potential publication bias [17] . In addition, Egger's regression test was performed to evaluate publication bias in Stata software. For outcomes with a small number of included studies we did not test publication bias.
We used the grading of recommendations, assessment, development and evaluation (GRADE) methodology to evaluate the quality of the evidence for various outcomes [18, 19] . The GRADE assessment included four levels of quality (high, moderate, low, very low). All statistical tests were two-sided and were considered significant when p < 0.05.
Results
Based on the initial search results, we retrieved 376 reports ( Fig. 1) and eventually included 14 studies with 1310 patients in the meta-analysis [12, 13, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The study characteristics are shown in Table 1 .
Our assessments of the risk of bias in included studies are presented in Fig. 2 . The categories 'random sequence generation' and 'allocation concealment' showed a low risk of bias across all included studies. As it was not possible to blind the intubator and assessors for the outcomes success rate and intubation time, performance and detection bias was high in all studies.
Twelve of the 14 studies (1215 participants) [12, 13, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] reported on the success rate at first attempt for double-lumen tube intubation. On average, the success rate at first attempt was 92.6% with video devices (videolaryngoscope or video stylet) and 82% with the Macintosh laryngoscope, the OR (95%CI) 2.77 (1.92-4.00), I 2 = 31%, p < 0.00001 (Fig. 3 ).
All 14 studies reported the time to intubate successfully. However, in three studies [13, 27, 29] data were expressed as median and IQR. Following a previously described method [32] , they were converted to mean (SD). Using standardised mean differences, the pooled mean difference (95%CI) in intubation time between video devices (videolaryngoscope or video stylet) and Macintosh laryngoscopy was À0.10 (À0.62 to 0.42), p = 0.71 (Fig. 4) . The I 2 statistic was 95%, with a p value less than 0.00001, indicating very high heterogeneity among studies. Therefore, we conducted sensitivity analysis and sub-group analysis, but did not find the source of heterogeneity. This is possibly explained by the different definition of intubation time used in studies. Six out of the 14 studies (587 participants) [20, 21, 24, 25, 27, 28] reported the incidence of malpositioned double-lumen tube after intubation. On average, the incidence of malpositioned double-lumen tube was 9.9% with video devices, as opposed to 4.5% with the Macintosh laryngoscope OR (95%CI) 2.23 (1.10-4.52),
Eleven studies (1145 participants) [13, 20, 22, 23, [25] [26] [27] [28] [29] [30] [31] reported on the incidence of oral, mucosal or dental injuries during double-lumen tube intubation. The incidence of oral, mucosal or dental injuries with videolaryngoscopy during double-lumen tube intubation was lower than that with Macintosh laryngoscopy, OR (95%CI) 0.36 (0.15-0.85), I 2 = 60%, p = 0.02 (Fig. 6 ). Seven studies (535 participants) [13, 23, 24, 26, 27, 30, 31] reported on the incidence of postoperative hoarseness. There was no significant difference in the incidence of postoperative hoarseness between the two groups, OR (95%CI) 0.53 (0.21-1.31), Mantel-Haenszel random effects model, I 2 = 69%, p = 0.17 (see also Supporting Information, Appendix S2). Seven studies (561 participants) [13, 23, 25-27, 30, 31] reported on the incidence of postoperative sore throat. On average, the incidence of postoperative sore throat was 17.8% with videolaryngoscopy, lower than that with Macintosh laryngoscopy (28.2%); OR (95% CI) 0.54 (0.36-0.81), I 2 = 46%, p = 0.0003 (see also Supporting Information, Appendix S3).
Sub-group analyses
For our main outcomes of the success rate at first attempt and intubation time, we performed sub-group analysis according to type of video device and operator experience.
The sub-group analyses according to the type of video device showed no evidence of a difference in success rate at first attempt, compared with the overall effects. For intubation time, there was no significant difference between any type of video device and the Macintosh laryngoscope. The degree of heterogeneity was still significant in each sub-group.
The subanalysis according to operator experience revealed that, for experienced operators, the success rate at first attempt with videolaryngoscopy was significantly higher than that with Macintosh laryngoscopy. For inexperienced operators, the success rate at first attempt with videolaryngoscopy was comparable to that with Macintosh laryngoscopy (see also Supporting Information, Appendix S4). For the outcome of double-lumen tube intubation time, there was no significant difference between videolaryngoscopy and Macintosh laryngoscopy for both experienced and inexperienced operators (see also Supporting Information, Appendix S5). As nine different models of videolaryngoscope were used in the included studies, and some in a very limited number of subjects, we did not perform sub-group analysis by individual device.
Sensitivity analyses
First, we performed sensitivity analyses to assess the robustness of the pooled estimates by excluding one study at a time in repeated analyses. We found that no outcome altered with the exception of excluding Yang et al. [29] for the outcome of oral, mucosal or dental injury, and Russell et al. [13] for the outcome of postoperative voice changes. The study by Yang et al. [29] used the OptiScope device, a rigid video stylet. After removing that study (n = 397) and repeating the analysis (10 studies; 748 participants), the incidence of oral, mucosal or dental injuries during double-lumen tube intubation was lower when a videolaryngoscope was used, OR (95%CI) 0.50 (0.27-0.93), I 2 = 20%, p = 0.03. In the study by Russell et al. [13] , double-lumen tube intubation was performed by a novice operator. After removing that study and repeating the analysis (six studies, 465 participants), the incidence of postoperative hoarseness was lower with videolaryngoscopy than with Macintosh laryngoscopy, OR (95%CI) 0.36 (0.20-0.64), I 2 = 0%, p = 0.0006.
Second, we performed a sensitivity analysis to investigate the impact of our risk of bias assessment on the main results. We excluded studies with high or unclear risk of selection bias [20, 23, 24, 26, 31] from the analyses of success rate at first attempt and intubation time, and did not find a significant change in the effect estimate.
For the outcomes of success rate at first attempt, intubation time and oral, mucosal or dental injuries, the funnel plot seemed symmetrical, suggesting a low risk of publication bias. In addition, an Egger test was performed and p values were 0.286, 0.147 and 0.973, respectively. These results indicate there was no statistical evidence of publication bias.
Using the GRADE system, the quality level of evidence for each outcome was assessed from 'very low' to 'moderate' ( Table 2) . It was not possible to blind the operators to the type of video device used. We believed that all studies were subject to a high level of performance bias due to potential preference from the user. As a result, we downgraded the evidence for each of our outcomes by one level for study limitations. We assessed the outcomes of success rate at first attempt, malpositioned double-lumen tube after intubation and postoperative sore throat, to have moderate-quality evidence. All studies reported intubation time, but there was high heterogeneity within studies. We downgraded the evidence for this outcome to very low quality.
Discussion
It is known that videolaryngoscopy can improve the operator's view of the glottis compared with Macintosh laryngoscopy, but previous meta-analyses showed that the advantages of videolaryngoscopy were not consistent across different situations [2, 4, 5, 33, 34] . This is the first meta-analysis to evaluate the use of videolaryngoscopy in double-lumen tube intubation in comparison with traditional Macintosh laryngoscopy. We found that, during double-lumen intubation, those using the videolaryngoscope experienced a higher success rate at first attempt and a lower incidence of intubation-related complications. Intubation time was comparable.
It is important to maximise the likelihood of successful intubation at the first attempt to prevent airway trauma [35] . Double-lumen intubation is more difficult than routine tracheal intubation due to the specific configuration of the double-lumen tube. Our finding that videolaryngoscopy increases the success rate at first attempt concurs with several studies [2, 3, 36] . Similarly, videolaryngoscopy can increase the first attempt success in airway management of ICU patients [34] . Alternative intubation devices can decrease the risk of intubation failure at the first attempt in patients with cervical spine immobilisation [4] , but the reported results were inconsistent with the results of Sun et al. [5] , who found that in paediatric patients, videolaryngoscopy prolonged intubation time and increased the incidence of failure. For pre-hospital intubation, videolaryngoscopy does not increase overall or first-pass success rates among physician intubators with significant direct experience [35] .
A long intubation time may be harmful to patients with pulmonary comorbidities. In this analysis, we found there was no significant difference in intubation time between any type of video device and Macintosh laryngoscopy. We noted an extremely high level of heterogeneity when reporting time to double-lumen tube intubation. However, the sensitivity analysis was unable to reveal the source of heterogeneity, and the funnel plot showed no publication bias. The heterogeneity was still significant in the sub-group analysis. This is possibly explained by the various time-points used to measure this outcome. Indeed, the results from the sub-group analysis were homogeneous for the comparison of successful intubation time.
The procedure of double-lumen intubation includes four steps: glottis exposure; guiding the bronchial tip into the glottis; advancing the double-lumen tube past the vocal cords; and finally advancing it into the appropriate main bronchus [37] . Videolaryngoscopes that have a blade with a relatively large curve, such as the GlideScope, McGrath Series 5 or Airtraq, result in difficulty in advancing the double-lumen tube past the vocal cords. A sequential rotation manoeuvre has been suggested [7] . It is probably the reason why videolaryngoscopy was found to increase the incidence of malpositioned double-lumen tube. In cases of a malpositioned double-lumen tube, position can be corrected by fibreoptic bronchoscopy [38] . A recent study reported a wireless video stylet allowing real-time visualisation during double-lumen tube placement. The authors found that the stylet could help correctly position the double-lumen tube and also saved time [39] .
Intubation-related complications include perioperative oral, mucosal or dental injuries, postoperative sore throat and hoarseness [40, 41] . Videolaryngoscopes improve the glottic view and may reduce airway trauma. A previous study showed that Figure 6 Forest plot of meta-analysis of oral, mucosal or dental injuries during double-lumen tube intubation. DL, direct laryngoscopy; M-H, Mantel-Haenszel; VL, videolaryngoscope.
videolarygoscopy was associated with lower forces applied during intubation [42] , but meta-analysis did not suggest it can reduce the incidence of sore throat in the postanaesthesia care unit [3] . Double-lumen tubes are associated with a greater risk of these complications [40] . In our meta-analysis, we found the overall incidences of oral, mucosal or dental injuries during double-lumen tube intubation and postoperative sore throat were decreased when a videolarygoscope was used. The incidence of postoperative hoarseness was lower with videolaryngoscopy than that with Macintosh laryngoscopy if the study of Russell et al. was removed [13] , where the operators were novices. These results indicate that videolaryngoscopy can decrease the intubation-related complications during double-lumen tube intubation.
Generally, in routine tracheal intubation, videolaryngoscopy is easier to learn than direct laryngoscopy for novice or inexperienced operators [43] [44] [45] . Doublelumen tube intubation is more complex than routine tracheal intubation, but it has not been determined whether videolaryngoscopes have any advantages in double-lumen intubation specifically for novices. In the present meta-analysis, only two studies featured inexperienced operators [13, 26] . For experienced operators, the success rate at first attempt with a videolaryngoscope was significantly higher than that with a Macintosh laryngoscope during double-lumen intubation, but this effect was not observed in inexperienced operators. In addition, we found that, for both experienced and inexperienced operators, the time to double-lumen intubation was comparable between videolaryngoscopy and Macintosh laryngoscopy. However, these sensitivity analyses found that the final results were not affected significantly by the two studies, except for the incidence of postoperative hoarseness.
There are some limitations in the present analysis. First, among the included studies, patients with an expected difficult airway were not studied. Some might have a poor glottic view, which would represent a source of confounding. Therefore, our conclusions cannot be extended to double-lumen intubation in patients with expected difficult airways. However, several non-randomised studies have indicated that videolaryngoscopy is a good rescue method with high success rate after failed double-lumen intubation with Macintosh laryngoscopy [11, 46] . Furthermore, another recent study found no significant difference in the success rate of doublelumen intubation in patients with predicted difficult airways between Airtraq and Glidescope [47] . These findings suggest that videolaryngoscopy is suitable for patients with an expected difficult airway. Second, it is not possible for the operators to be blinded to the type of laryngoscope; due to the likely potential for user preference, we considered that all studies were at high risk of performance bias. In addition, we considered the effect of low-quality trials on outcomes. Removing studies which had an unclear or high risk of selection bias did not significantly affect the results. Third, we excluded studies comparing different kinds of videolaryngoscope from our analysis and did not have enough data to perform a subanalysis for every device. Therefore, we were unable to determine which video device is the best choice for double-lumen intubation. Fourth, video stylets were also included in the present analysis. Although there are distinct differences in the design of video stylets and videolaryngoscopes, which may make the former more useful in patients with limited mouth opening, the sub-group analyses found that the results were homogeneous for the comparison of successful intubation time and the success rate at the first attempt.
